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Abstract 
 The depletion of conventional energy sources and global warming has raised worldwide 
awareness on the usage of renewable energy sources particularly solar photovoltaic (PV). Renewable 
energy sources are non-polluting sources which can meet energy demands without causing any 
environmental issues. For standalone PV systems, a low conversion efficiency of the solar panel and high 
installation cost due to storage elements are the two primary constraints that limit the wide spread use of 
this system. As the size of the system increases, the demand for a highly efficient tracking and charging 
system is very crucial. Direct charging of battery with PV module will results in loss of capacity or 
premature battery degradation. Furthermore, most of the availab le energy generated by the PV module or 
array will be wasted if proper tracking technique is not employed. As a result, more PV panels need to be 
installed to provide the same output power capacity. This paper presents selection, design and simulation 
of maximum power point tracker (MPPT) and battery charge controller for standalone Photovoltaic (PV) 
system. Contributions are made in several aspects of the whole system, including selection of suitab le 
converter, converter design, system simulation, and MPPT algorithm. The proposed system utilizes direct 
duty cycle technique thus simplifying its control structure. MPPT algorithm based on scanning approach 
has been applied by sweeping the duty cycle throughout the I -V curve to ensure continuous tracking of the 
maximum power irrespective of any environmental circumstances. For energy storage, lead acid battery is 
employed in this work. MATLAB/Simulink® was utilized for simulation studies. Results show that the 
propose strategy can track the MPPs and charge the battery effectively. 
  
Keywords: SEPIC converter; maximum power point tracking (MPPT); charge controller; standalone 
photovoltaic (PV) systems 
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1. Introduction 
Among the alternative energy sources, solar energy is one of the most widely used and 
readily available renewable energy sources. Solar energy supplied by the sun in one hour is 
equal to the energy required by the human population in a year. Power generated by PV module 
depends upon the solar irradiation, cell temperature and load impedance [1–4]. To efficiently 
utilize solar energy, maximum power point tracking (MPPT) technology is normally employed to 
ensure continuous operation of the PV systems at its maximum power point. Various MPPT 
strategies were utilized in the literature to adjust the maximum output power of the PV systems 
with the change in solar irradiance and temperature. In general, there is only one maximum 
power point on the P-V curve of a PV module where it produces maximum output power under 
uniform solar irradiance condition. Thus, in order to achieve maximum efficiency for PV 
systems, some conventional maximum power point tracking algorithms such as Hill -Climbing, 
Perturb&Observe (P&O), Incremental Conductance (Inc. Cond) [5] were employed. 
In order to maximize the power transfer from the photovoltaic array to the battery bank, 
a battery charger with charge controller should be utilized. It performs two main funct ions. The 
first one is to accurately track the maximum power point (MPP) regardless of how quickly 
atmospheric conditions change. The other function is to minimize the battery charging time to 
back up the PV arrays as fast as possible while ensuring its safety and life cycle [6]. The battery 
charging control methods can be classified into two classes: (i) single stage, and (ii) multi-stage 
method. The constant current charging is a good example for single stage method, while 
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constant voltage technique is a good example for multistage charging method. Studies show 
that, the multi-stage charging is the most efficient for battery charging regardless of the battery 
type [7]. 
The algorithm of a battery charge controller determines the effectiveness of battery 
charging as well as the PV array utilization, and ultimately the ability of the system to meet the 
electrical load demands. The most common approaches for charge controllers are the shunt, 
series, pulse width modulation (PWM) and MPPT charge controllers. The shunt regulator 
controls the charging of a battery from the PV array by short-circuiting the array internal to the 
controller. The series controller utilizes some type of control element connected in series 
between the array and the battery. While this type of controller is commonly used in small PV 
systems, it is also a practical choice for larger systems due to the current limitations of shunt 
controllers. The MPPT battery charge controller incorporates a DC-DC converter such that the 
PV array can operate at the maximum power point at the prevailing solar irradiance. The 
structure of battery charge controllers depends on the type of the controller. In the series and 
shunt controllers, it simply consists of a switching element, such as a relay that is switched 
on/off based on the value of a predefined set point. In a PWM and MPPT control lers, the circuits 
are more sophisticated. In PWM generator circuits, microcontrollers are needed in order to drive 
the switches of a DC–DC converter while MPPT controller consists of a controller that manages 
the maximum power point tracking process and DC-DC converter [8]. In this paper, a DC-DC 
SEPIC converter is selected and has been employed for standalone PV system application. 
Using this converter, the PV system is able to execute good MPPT and charging control 
performance.  
This paper is organized in the following manner: Section 2 is the research method 
which are provides a review of standalone photovoltaic charging, with an emphasis on various 
battery charging control and MPPT methods. In order to validate the suggested system, 
simulation results together with discussions are provided in Section 3. The operation of the 
proposed solar charger, including the transitions between the MPPT and CV modes, are 
explained in this section. Lastly, conclusion is presented in Section 4. 
 
 
2.    Research Method 
2.1. Standalone Photovoltaic (PV) Charging Systems 
Solar energy systems can generally be categorized into i) standalone PV systems 
which consist of a PV panel, battery and load; and ii) grid connected PV systems which feed 
additional power to the grid. Standalone PV systems are essential as they provide a power 
solution for remote and isolated areas which are unreachable by grid [9]. Red dotted line in 
Figure 1 shows the typical components of a standalone PV charging system.  
Batteries are the power tank of solar power systems. They play the role of power supply 
when the sun does not shine. Batteries can be avoided from reaching either overcharged or 
over discharged condition by implementing a charge controller into the system. Furthermore, 
inverter is used to convert dc to ac if there is alternating current load being used. 
 
 
 
 
Figure 1. Typical components of standalone PV charging system 
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2.2. PV Array 
A photovoltaic module consists of a number of interconnected solar cells and they can 
be arranged in series or parallel configurations to maximize the power for high-power 
applications. Solar cells consist of a p–n junction fabricated in a thin layer of semiconductor [10]. 
A solar cell equivalent electrical circuit can be represented by a single-diode model as shown in 
Figure 2. Generally, the maximum output power produced depends on the applications used 
ranging from hundred watts to kilowatt or even megawatt. Figure 3 shows the equivalent circuit 
of the PV module arranged in NP parallel and NS series. Array can be formed when more 
modules are wired together. More electricity can be produced by using a larger area of module 
or array. Five different array configurations are reported in this paper. These are series (S), 
series–parallel (SP), total-cross-tied (TCT), bridged-link (BL), and honey-comb (HC) [11]. 
The relationship between the cell terminal current and voltage is as follows: [12-14]: 
 
 
 
 
Figure 2. Equivalent circuit of PV cell 
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where I and V are the output current and output voltage of the photovoltaic cell, respectively . Io 
is the diode’s reverse saturation current, a is the diode ideality factor, Rs and Rsh is the series 
and parallel resistance, respectively. Vth is the thermal voltage of the cell, which is  
expressed as, 
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where q is the electron charge (1602 x 10
-19
 C), T is the junction temperature in Kelvin (K), and 
Kb is the Boltzmann constant (1380 x 10
-23
 J/K). Ipv is the generated photocurrent; it depends 
mainly on the radiation and cell’s temperature, which is expressed as,  
 
  
STC
STCiSTCscpv
G
G
TTKII  _  (3) 
 
where Isc_STC (in Ampere, A) is the short-circuit current at standard test conditions (STC), TSTC 
(25˚C) is the cell temperature at STC, G (in watts per square meters, W/m
2
) is the irradiation on 
the cell surface, GSTC (1000 W/m
2
) is the irradiation at STC, and Ki is the short circuit current 
coefficient, usually provided by the  STCvSTCoc TTKV _ cell manufacturer. In addition, the 
saturation current Io is influenced by the temperature according to the following equation [14-15]
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where Voc_STC (in Volt, V) is the open circuit voltage at STC; Kv is the open circuit voltage 
coefficient, these values are available on the datasheet provided by module’s manufacturer.  
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Figure 3. Equivalent circuit of PV module 
 
 
The equation for PV array can be expressed as (5). The specifications for the PV 
module used in this paper are given in Table 1. Using these parameters, the model of the PV 
module is developed in MATLAB/ Simulink®, and the corresponding I-V and P-V curves under 
varying irradiations and at 25˚C temperatures are plotted in Figure 4.  
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Table 1. Specification of PV module at STC (1000W/25˚C) 
Parameters Variable Value Unit 
Pow er PPV 10 W 
Open circuit voltage VOC 4.48 V 
Short circuit current ISC 2.96 A 
Voltage at maximum pow er VMPP 3.66 V 
Current at maximum pow er IMPP 2.74 A 
Temperature coeff icient of  VOC TVOC -0.32 %/
oC 
Temperature coeff icient of  ISC TISC 0.09 %/
oC 
Number of cell NCELL 12 - 
 
 
                  
 
Figure 4. (a) I-V (b) P-V characteristics of PV module 
 
 
2.3. MPPT Charge Controller 
The ultimate goal of a charge controller in standalone PV systems is to maintain the 
highest possible state of charge while preventing battery overcharge during high solar insolation 
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and avoid over discharging during low insolation and excessive loading. A  good charge 
controller does this with the least amount of PV energy being dumped. Charge controllers can 
be classified as on/off controllers and soft controllers [16]. Using an MPPT algorithm is a good 
choice in these situations, because working parameters are continuously adjusted in order to 
reach the optimal energy extraction [12].  
 
2.3.1. DC-DC Converter Selection 
When proposing an MPP tracker, the major task is to choose and design a highly 
efficient converter, which supposed to be operated as the main part of the MPPT charge 
controller. The efficiency of switch-mode DC-DC converters is widely discussed in [17]. Most 
switching-mode power supplies are well designed to function with high efficiency. Among all 
DC-DC converter topologies, buck–boost, Cuk and SEPIC converters provide the opportunity to 
have either higher or lower output voltage compared with the input voltage. Although the buck –
boost configuration is cheaper due to its less components count compared to than Cuk and 
SEPIC converters, it has some disadvantages that makes it less efficient such as discontinuous 
input current, high peak currents in power components, and poor transient response. On the 
other hand, the SEPIC converter has low switching losses and the highest efficiency among 
non-isolated DC-DC converters. It can also provide a better output current characteristic due to 
the inductor on the output stage. Thus, the SEPIC configuration is a proper converter to be 
selected as the MPPT charge controller.  
Figure 5 shows a DC-DC SEPIC converter (battery charge controller) with MPPT 
control. The SEPIC converter has two modes of operation. The first mode of operation is when 
the switch is closed (ON). In this mode, the capacitor releases energy to the output. Second 
operating mode is when the switch is open (OFF), in which the diode is in forward-biased and 
the energy is supplied to the load/battery. Capacitor C1 is charging from the PV supply. Figure 6 
shows SEPIC converter in both operating modes, which is used as the intermediate stage 
between the PV module and the battery. 
 
 
 
 
Figure 5. SEPIC converter based battery charge controller 
 
 
 
 
Figure 6. SEPIC converter with (a) switch ON [DT] (b) switch OFF [(1-D) T] 
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Where 
D: Duty cycle of PWM signal (%) 
T: Period PWM signal (s) 
From 0 to DT: the switch is closed and diode is open, so current across L1 increase at the  
rate of: 
 
1
1
L
V
dt
dI PVL  , Dtt 0  
(6) 
So that L1 and L2 are charging; C2 and C3 are discharging. From DT to T: the switch is open and 
diode is closed, so current across iL1 decrease at the rate of: 
 
1
1
L
V
dt
dI battL  , TtDT   
(7) 
So that L1 and L2 are discharging; C2 and C3 are charging. VL1 has two levels, their average 
equals zero: 
 
    
0
1


T
TDVDTV battPV
 
 
(8) 
 
So that: 
 
     01  TDVDV battPV  (9) 
  
Simplifying above equation, the final input-output voltage expression: 
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(10) 
 
Thus, the converter performs buck function mode for D less than 0.5, and boost function mode 
for D larger than 0.5. The ripple current across both inductors, L1 and L2 is given  
approximately by: 
 
 max%40 PVL II   (11) 
  
The values of L1 and L2: 
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The selection of capacitor C2 and C3 are given: 
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battripple VV  %1  (14) 
 
The relations between input and output of a SEPIC converter are given in the following:  
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The specifications of the designed converter are listed in Table 2. 
 
 
Table 2. SEPIC converter design parameters 
Parameter Value 
Output pow er, Po 50 W 
Maximum input voltage, Vi 30 V 
Maximum input current, Ii 3.5 A 
Sw itching frequency, fs 200 kHz 
Maximum inductor current ripple, max,Oi  ≤ 30% 
Output voltage ripple, OO VV  ≤ 3% 
Inductor, L1 and L2 100 μH 
Input capacitor, C1 820 μF 
Capacitor, C2 660 μF 
Capacitor, C3 660 μF 
 
 
2.3.2. Battery Charging Method 
On the other hand, the controller uses a multi-stage charging algorithm, which is the 
most safe and effective method of charging [6]. The principle of battery charging is shown in 
Figure 7. In the first stage, the battery voltage is increased gradually to the preset voltage level, 
which is called the bulk level using constant charge current. When the bulk level voltage is 
reached, the absorption stage starts. During this phase, the voltage is maintained at a bulk 
voltage level for specific time while the current is gradually dropping. After the absorption time 
passes, the float stage begins. The voltage is lowered to the float level and the battery draws a 
very small current [6]. 
 
 
 
 
Figure 7. Battery charging characteristics  
 
 
2.3.3. MPPT Techniques 
MPPT methods can be roughly classified into two categories: there are conventional 
methods, like the Perturbation and Observation (P&O) [18–20] ,the Incremental Conductance 
(Inc.Cond) [21–24] and hill climbing and advanced methods (soft computing), such as fuzzy 
logic control [25–27], artificial neural network and particle swarm optimization have the ability to 
differentiate between the global MPP and local MPPs for non-uniform irradiance conditions.  
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In this paper, duty cycle sweeping technique is selected as the fundamental algorithm. 
This method is a very effective when the entire PV array is under the uniform solar irradiance 
condition. Herein, duty cycle control has been chosen and adjusted directly in the algorithm [28]. 
Figure 8 shows the flowchart of the MPPT algorithm for SEPIC converter based solar charge 
controller. 
 
 
 
 
Figure 8. Flowchart of SEPIC converter duty cycle sweeping algorithm 
 
 
3. Results and Analysis 
Figure 9 shows overall model of DC-DC SEPIC converter as maximum power point 
tracker and battery charger implemented in MATLAB/Simulink®. The output of the system is 
connected to 12V lead acid battery and the input of the system is connected to a PV array which 
is consist of 5 PV module connected in series. The specification of PV module used shows in 
Table 1. Typical values for 12V battery are as follow: overcharge voltage Voc=15V, floating 
voltage Vfloat=13.5V, discharge threshold Vchgenb=10.5V and load disconnect voltage Vidv=11.4V. 
The switching frequency of the converter is chosen to be 200 kHz. For this simulation the duty 
cycle is set to be Dmin=0.075, Dmax=0.875 and deltaD=0.05. Parameters for DC-DC SEPIC 
converter used in the simulation are as tabulated in Table 2. 
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(a) Overall simulation setup for SEPIC converter based MPPT charge controller 
 
 
 
 
(b) Internal structure of the PV array 
 
 
(c) Internal structure of the SEPIC converter 
 
Figure 9(a-d). MATLAB/Simulink® model of SEPIC converter based MPPT charge controller 
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(d) Internal structure of the battery 
 
Figure 9(a-d). MATLAB/Simulink® model of SEPIC converter based MPPT charge controller 
 
 
 
 
Figure 10. Comparison of SEPIC converter and battery output power 
 
 
Table 3 (Appendix A) show the duty cycle (D), maximum SEPIC converter output power 
(Pmpt), battery power (Pbatt), maximum SEPIC converter voltage (Vmp), maximum SEPIC 
converter current (Imp), battery voltage (Vbatt) and battery current (Ibatt) responses of the PV panel 
during the MPPT mode at irradiance of 1000W/m
2
, 500W/m
2
 and 100W/m
2
 respectively. It can 
be seen in Figure 10 that the proposed duty cycle control algorithm is able to reach the MPP at 
duty cycle of 0.435 for the different irradiance 1000 W/m
2
, 500 W/m
2
 and 100 W/m
2
. 
The simulation results of SEPIC converter for maximum power point tracking and 
standalone PV charging application under uniform irradiance conditions are shown in Figure 11 
(Appendix B). For a solar irradiance of 1000 W/m
2
, 500 W/m
2
 and 100 W/m
2
, maximum power, 
battery voltage and current are shown in Figure 11(a), 11(b) and 11(c) respectively.  During the 
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bulk charging phase (trickle and pre charging mode), the maximum available PV power is 
transferred to the battery stack, according to the MPPT algorithm. The charge regulation phase 
(CV mode) is initiated when the battery voltage rises to 13.21V (1000 W/m
2
)/13.15 (500 W/m
2
)/ 
13.1 (100 W/m
2
) (Figure 11(a)/11(b)/11(c) second figure) and the battery charging current 
(Figure 11(a)/11(b)/11(c) third figure) is progressively reduced to 0.89A (1000 W/m
2
)/0.44A (500 
W/m
2
)/ 0.08A (100 W/m
2
)  at the end of this phase. 
 
 
Table 3. Simulation results of implementing SEPIC converter as maximum power point tracking 
charge controller at different irradiance [Pmpt & Pbatt in Watt (W), Vmp & Vbatt in Volt (V),  
Imp & Ibatt in Ampere (A)] 
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Figure 11. Battery voltage and current characteristic during MPPT 
 
 
Overall, the system performs well under three different irradiance conditions, where it 
switches between maximum power point tracking and CV modes to maximize charging of the 
battery while maintaining the battery voltage within the allowable limit. During maximum power 
point tracking operation, the efficiency of SEPIC converter functioning as tracker is around  
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97.2-99.9% and the efficiency as solar charger is around 92.4-98.3%. The efficiency of SEPIC 
converter functioning as solar charger is lower compared to the maximum power point tracker 
within the range 1-5% based on Table 4 information. It is worth noting that the SEPIC converter 
efficiency drops during CV mode. This is due to the fact that the system is trying to maintain a 
constant charging voltage instead of operating at the maximum power point.  
 
 
Table 4. Efficiency comparison of SEPIC converter for two different functions 
PV array 
Irradiance, G  
(W/m2) 
Eff iciency, η (%) 
MPP tracker Battery charger 
5 × 1 array 
(Series × Parallel)  
1000 99.5 97.5 
500 99.9 98.3 
100 97.2 92.4 
 
 
4. Conclusion 
In this paper, the development and analysis of SEPIC converter as MPPT charge 
controller for standalone PV system under uniform irradiance conditions is presented. The main 
aims are to extract maximum power from PV array and manage the power transfer to the 
storage system (battery) regardless of the changing in irradiation value. The efficiency of the 
proposed SEPIC converter is high which is 97.5% (as solar charger) and 99.5% (as maximum 
power tracker) at standard test condition. The result of this work leads to study, design and 
development of an intelligent energy management system, which optimizes the power transfer 
within a standalone PV system. 
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